Introduction {#s1}
============

Scientific understanding of microbiomes, the collections of microorganisms on or within a given organism, is rapidly expanding. Much work has concentrated on the human gut microbiome, which will be the focus of this paper, with implications for individual and public health. Natural selection has shaped host-microbiome interactions, but is dependent on the environmental context. Application of evolutionary and ecological principles may therefore provide essential insights into the composition, maintenance, and restoration of gut microbiomes and effects on human health \[[@R1]-[@R3]\].

In this paper we address three related ideas that are informed by evolutionary and ecological perspectives. The first proposes that interactions between humans and our microbiota can be better understood by considering commensalism to be a dividing line between parasitism and mutualism rather than a discrete category of symbioses. We propose further that microbiome enhancement needs to focus on the benefits provided by mutualisms, which will depend on the extent to which humans provide nutrients for microbes that are distinct from the nutrients that the microbes could gain if they exploited host tissues.

The second point is that illnesses associated with microbiome composition often result from dietary mismatches between the contemporary environments and those in which humans evolved. These illnesses may be prevented or treated by eliminating the mismatches.

Our third point is that these insights need to be applied integratively to public health actions to favor mutualists. For example, dietary interventions that favor particular mutualists must also ensure that the mutualists are present.

The Symbiosis Continuum {#s2}
=======================

Definitions of Symbionts {#s2a}
------------------------

In this paper we define symbionts as organisms that live intimately with other organisms, parasites as symbionts that have a net negative effect on their hosts, and mutualists as symbionts that have a net positive effect. In accordance with standard biological terminology, we define a commensal as a symbiont that has neither a harmful nor beneficial overall effect.

Microbiome researchers often refer to gut microbes as commensals when they confer no conspicuous harm (*e.g*., \[[@R4],[@R5]\]). To qualify as a commensal, however, its net effect should be zero. From an evolutionary perspective this overall effect is most appropriately measured in units of evolutionary fitness. Insofar as any intimate symbiont will have at least slight effects on host fitness, commensalism is best considered a dividing line between parasitic and mutualistic associations. It is often considered a category because fitness effects are difficult to measure with sufficient accuracy to determine whether the overall effect is negative or positive.

The spectrum of intimate associations can be represented by a symbiosis continuum that reflects fitness effects on the host, ranging from obligate mutualisms on one end to lethal parasitisms on the other ([Figure 1](#F1){ref-type="fig"}).

The use of evolutionary fitness as a criterion comes with caveats. First, evolutionary fitness is environment specific. Modern environments differ from historical and prehistorical environments. Additionally, because fitness effects are not precisely measurable there are uncertainties associated with the placement of any particular microbe on the continuum. Negative fitness effects arise from mortality, tissue damage, vitamin deficiency, and immunopathology. Positive effects involve protection against pathogens, and the provisioning of nutrients such as vitamins \[[@R6]\]. A broad spectrum of systemic effects may arise indirectly through the action of bacterial metabolites, such as short chain fatty acids (SCFAs) \[[@R7]\]. The difficulty lies in the zone straddling the dividing line of commensalism ([Figure 1](#F1){ref-type="fig"}). We refer to the large number of microorganisms that must be placed in this zone as *indeterminate symbionts*. Of course, favoring indeterminate symbionts will have a positive effect on the host if they are mutualists, but a negative effect if they are parasites. If, instead, indeterminate symbionts are considered to be commensals, research and practice may overlook the best opportunities for improving health.

Coevolution of Mutualisms {#s2b}
-------------------------

There is always potential for a conflict of interest between microbe and host because the genetic makeup of the microbe differs from that of the host. Natural selection will favor microbes that act in their own genetic interest as circumstances permit. A microbe that, for example, produces a vitamin needed by its host could use the resources spent on that vitamin to enhance its own replication. Similarly, by invasion of the intestinal epithelium a microbe might gain resources for its own reproduction and survival at the host's expense.

Strong mutualisms are distinguished from marginal mutualisms by the degree to which the symbiont enhances host fitness ([Figure 1](#F1){ref-type="fig"}). Strong mutualisms therefore will tend to evolve when the biological aspects of the mutualism limit or prohibit the ability of the mutualist to cause damage to the host through its use of host resources.

Characteristics of strong gut mutualists include provisioning of specific nutrients that are needed by the host and are not simply waste products for the microbe, and release of compounds that specifically inhibit pathogens, together with an absence of negative effects on the host. Characteristics of marginal mutualists include suppression of pathogens that results simply from the mutualist's use of resources in the gut lumen or interference with competing symbionts in ways that provide benefits directly to the mutualist and inadvertently to the host, together with negative effects on the host that are outweighed (marginally) by such benefits.

Bifidobacteria illustrate the value of distinguishing mutualists according to the strength of the mutualism. In discussions of the gut microbiota, bifidobacteria are generally considered commensals; however, present knowledge, though far from complete, indicates that bifidobacteria vary greatly in their overall effect on the host. Testing of bifidobacterial strains from infants, for example, found that two of 14 strains isolated from infants had antimicrobial effects on pathogenic bacteria \[[@R8]\]. *Bifidobacterium longum,*subsp.*infantis* (hereafter referred to as *B. infantis*), in particular, has characteristics of a strong mutualist. It releases antibacterial compounds that inhibit pathogenic bacteria \[[@R9]\], synthesizes vitamins \[[@R10]\], improves immunological responses, and protects premature infants against ulcerative colitis \[[@R11]\].

Knowledge about the composition of human breast milk suggests that the mutualistic association with *B. infantis* involves human adaptations that benefit the bacterium. About 30 percent of the caloric content of human milk is provided as a diverse spectrum of oligosaccharides that the infant cannot digest. *B. infantis* has evolved a corresponding array of genes that allow it to digest the human milk oligosaccharides (HMOs) \[[@R12],[@R13]\]. It is more dependent on them and uses a greater variety than other bifidobacteria. The diversity of HMOs produced in milk appears to have coevolved for *B. infantis* more than for any other bacterium. HMOs are absent in the external environment; *B. infantis* is therefore not able to cheat on the mutualism by proliferating in the host to enhance its abundance and growth in the external environment.

The dependence of *B. infantis* on HMOs from human milk also creates a barrier to its exploitation of less cooperative options within the intestinal tract, such as deriving nutrients from the epithelial cells of the gut and its mucus layer, which protects against pathogens \[[@R14]\]. Unlike other bifidobacteria, *B. infantis* does not penetrate the mucus lining or use the mucus as an energy source \[[@R11]\]. Degradation of the mucus layer has been flagged as a characteristic of potentially damaging microbiota \[[@R6]\].

The threat posed by symbionts that invade or degrade the mucus layer is broadly relevant to understanding the effects of microbiota that have been considered commensals. *Bacteroides thetaiotaomicron*, for example,is referred to as a commensal that resides in the mucus layer and uses nutrients from mucus constituents \[[@R4],[@R15]\]. Its net effect on its host, however, depends on the other microbes in its vicinity. When cohabiting with enterohemorrhagic *E. coli*, *B. thetaiotaomicron* exacerbates the damage caused by *E. coli* \[[@R4]\]. In this ecological setting *B. thetaiotaomicron* is therefore best considered parasitic. Considering that it apparently is mutualistic in other settings, by virtue of its ability to breakdown complex polysaccharides into usable sugars, we think that a new label is needed for it and for other parasites that can move from one side of the commensalism dividing line ([Figure 1](#F1){ref-type="fig"}) to the other according to the environmental setting. We refer to such organisms as *ambisymbionts* (ambi- from Latin, meaning both ways). Ambisymbionts can be identified as on average parasites or mutualists, differentiating them from indeterminate symbionts for which the net effect is uncertain.

Routes of Transmission and the Symbiosis Continuum {#s2c}
--------------------------------------------------

Routes of transmission are central to an understanding of the symbiosis continuum. When transmission routes do not require hosts to be healthy, pathogens tend to be more severe than when transmission requires hosts to be sufficiently healthy to directly contact susceptible hosts ([Figure 1](#F1){ref-type="fig"}). Vertical transmission of pathogens from parent to offspring should favor evolution toward benignity \[[@R16],[@R17]\]. If vertical transmission is the only route, parasites should evolve into mutualists, because the success of the host determines the success of their transmission. Reciprocally, host attributes that favor vertical transmission of a mutualist will enhance host fitness. Cellular organelles and the algae of lichens represent the extreme end of the association between vertical transmission and mutualistic benefit.

The transmission of gut symbionts is still largely uncertain, but vertical transmission does seem to be very important for some bifidobacteria \[[@R5]\]. *B. infantis* is transmitted from mother to infant and is found in breast milk and the gastrointestinal tract of nursing mothers \[[@R5]\]. The dependence of *B. infantis* on HMOs suggests that persistent transmission cycles from baby to adult or adult to adult would be very restricted, as would perpetuation in the outside environment. Persistence in the baby through adulthood might occur in the gastrointestinal or genital tract, but competition with other organisms at these sites would seem to make persistence tenuous. Persistence within the breast (*e.g*., in ductal tissues), with latency prior to lactation seems more feasible. Exploration of the breast microbiome is in an early phase. One assessment found that the composition of the breast microbiome is variable from woman to woman \[[@R18]\]. This study identified bifidobacteria in some samples but did not distinguish bacteria to the species or subspecies levels; moreover, organisms may have been present but not detectable because the techniques used might fail to pick up latent phases in refugia. Persistence in the breast, activation during lactation, and transmission in mother's milk could allow for persistence between pregnancies and from birth to childbearing ages. This possibility could be evaluated using sensitive tests for *B. infantis* nucleic acids in breast tissue before and after lactation and in milk before the presence of *B. infantis* in the neonate.

Mutualisms and Nutrients Inaccessible to Humans {#s2d}
-----------------------------------------------

This HMO/*B. infantis* model for explaining the evolution and maintenance of a strong gut mutualist raises a key question bearing on the presence of other strong mutualists in the gut microbiota: Are there components of the post-weaning diet that could similarly favor mutualists? The best candidates are probably dietary constituents that are accessible by microbes but not directly by humans. Recognizing the need to collectively consider carbohydrates that may influence human health through microbial processing Sonnenburg and Sonnenburg \[[@R6]\] coined the acronym MACs, which is short for microbiota-accessible carbohydrates. We suggest that evolution of strong mutualisms is favored by a subset of MACs, namely human-inaccessible-microbiota-accessible carbohydrates: HIMACs (pronounced high macks). By "human-inaccessible" we mean that the carbohydrate is not used by human cells or tissues for any normal physiological process. HMOs and dietary fiber are examples of HIMACs. Mucus components that are accessible to microbiota, such as mucin, however, would not be HIMACs even though they are MACs because mucin participates in the normal functioning of gut tissues. Similarly, glucose is a MAC but not a HIMAC, because it is used by normal host cells and gut microbes. The logic is that specialization on HIMACs decreases the microbe's ability to use host carbohydrates, thus limiting its options for evolving toward parasitism.

Unlike the specialization on HMOs, however, specialization on HIMACs in the post-natal diet would allow the symbiont to be horizontally transmitted to other humans and would therefore lessen the intensity of the coevolutionary selection for a strong mutualism. The symbionts that digest post-natal HIMACs therefore are expected to be weaker mutualists than *B. infantis*. The conspecific *B. longum*subspecies *longum*, for example, has evolved a lesser tendency to use HMOs \[[@R13],[@R19]\] and is less strongly mutualistic (see section on celiac disease).

The Symbiosis Continuum and the Hygiene Hypothesis {#s2e}
--------------------------------------------------

Writers on the subject of the microbiota sometimes equate the emphasis on diversity and species richness that is inherent in microbiome arguments with a goal of the Hygiene Hypothesis, namely to increase exposure to a variety of symbionts in order to tune immunological defenses \[[@R20],[@R21]\]. A focus on the symbiosis continuum, however, suggests that decreased hygiene should be directed to the subset of organisms that have routes of transmission and/or use resources that favor mutualism (*e.g*., HIMACs).

Pervasiveness of Mutualisms {#s2f}
---------------------------

Although the conflict of interest between host and symbiont imposes constraints on the evolution of mutualisms, a large number of the microbes in the zone of commensalism should be mutualistic. The main reason is that the diversity of threats posed by pathogens is ever changing and unbounded. The immune system has adapted to counter a large portion of these threats by lymphocyte diversity, which is bounded by the make-up of each host's genome. The reliance of somatic mutation of lymphocytes and the variation in MHC from one individual to another, however, suggest that the diversity of threats cannot be defended against by a single host genome relying on recombinatorial diversity. Mutualist gut microbes evolve to defend themselves against parasitic microbes and have short generation times with virtually unbounded evolutionary potential. It seems reasonable, therefore, to expect that they can offer a complementary defensive system that can respond to unpredictable changes in parasites in the gut lumen, which is relatively inaccessible to immunological defenses.

Evolutionary Mismatches and Disease {#s3}
===================================

The Mismatch Concept {#s3a}
--------------------

Evolutionary explanations of disease often invoke dietary mismatches between modern and ancestral environments (*e.g*., \[[@R22]\]). It is argued that adaptations for functioning in past environments leave humans vulnerable to current environmental causes of disease. Microbiota mismatches can result from the presence of microorganisms to which our ancestors were not exposed or dietary changes that alter the microbiota. The mismatch between formula feeding and breast feeding is a particular example pertaining to a dietary change because infant formula differs from breast milk. Many of the chronic diseases that affect modern populations may be influenced by mismatches between modern and ancestral diets. Some examples are provided below.

Celiac Disease {#s3b}
--------------

Celiac disease is characterized by gastrointestinal manifestations such as chronic diarrhea and malabsorption. It is an autoimmune disorder in which the body's immune system produces self-destructive antibodies in response to gluten in the diet. Breast feeding is associated with a reduction in celiac disease \[[@R23]\], more so than delayed introduction of dietary gluten \[[@R24]\]. Onset of celiac disease is typically between 6 months and 2 years of age, suggesting that breast feeding might foster gut microbes that protect babies.

This hypothesis was tested by probiotic supplementation for babies from birth to 6 months of age \[[@R25]\]. The probiotics administered were *Bifidobacterium breve* and *Propionibacterium freudenreichii* subspecies *shermanii*. *B. breve* is used as a probiotic for various gastrointestinal disorders, and has been associated with protection against pathogens such as *C. difficile* \[[@R25]\], but net effects on health are uncertain; it can have severe negative effects on premature infants and exacerbate *C. difficile* infections in the presence of the prebiotic inulin \[[@R25],[@R26]\]. These negative effects indicate that *B. breve* is most likely a marginal mutualist or ambisymbiont. *P. freudenreichii* is used in cheese preparation and ingested with palatable cheese; it is therefore assumed to have little if any negative effect on human health \[[@R27],[@R28]\]. It may have a slightly beneficial effect due to a positive effect on bifidobacteria \[[@R27],[@R28]\]. Babies receiving these probiotics did not have lower celiac disease rates.

In a separate study, *Bifidobacterium longum*subsp*. longum* was not associated with an improvement beyond that expected from the reduction in gluten that was imposed on the celiac disease patients \[[@R29],[@R30]\]. In contrast, administration of B. infantis to adults was associated with improvement in celiac disease \[[@R30]\]. These findings accord with the idea that *B. infantis* is a stronger mutualist than the other species, although additional study is needed to control for ages of the patients.

Diabetes and Obesity {#s3c}
--------------------

The pathogenesis of type 2 diabetes mellitus is still unclear. The classic view was that high carbohydrate diets, excess adipose tissue and genetic predispositions interact in uncertain ways to foster insulin resistance. More recently, the emphasis has been on insulin resistance resulting from inflammation associated with excessive adipose tissue \[[@R31]\]. A corollary of this presumption of chronicity is that the disease generation and therapeutic responses would tend to be gradual rather than sudden. Effects of gastric bypass surgery demand a rethinking of this paradigm. Improvements in insulin sensitivity in response to gastric bypass surgery occur rapidly, before weight loss, and are similar in obese and non-obese but overweight individuals \[[@R32]-[@R34]\]. The rapidly ameliorating effects of gastric bypass surgery are consistent with microbiome influences on diabetes, which could occur quickly as a result of the short generation times of bacteria. Gut microbiota are strongly affected by gastric bypass surgery \[[@R35]\]. Documentation of these effects have noted changes across a range of taxonomic scales from phyla to species, but effects are difficult to interpret and sometimes inconsistent \[[@R35]\]. Suggested mechanisms for the amelioration of diabetes have focused on direct positive effects on glucose metabolism or other physiological processes \[[@R35]\]. Balanced assessments, however, must also consider the possibility that the microbiota favored by the bypass surgery competitively inhibit pathogenic microbes that directly contribute to diabetes.

Changes in the microbiome are linked to both obesity and type 2 diabetes, the latter being ameliorated by increases in bacteria that digest HIMACS \[[@R6],[@R36]-[@R39]\]. A metagenome-wide association study found a decrease in butyrate-producing bacteria and an increase in opportunistic pathogens in diabetics \[[@R40]\]. If gastric bypass surgery adversely affects causal pathogens, its beneficial effects on diabetes could be explained by a microbiome alteration. One hypothesis to explain these results proposes that dysbiosis causes damage to the gut lining, allowing entrance of bacterial lipopolysaccharide through compromised gut epithelium and consequent inflammation and bariatric surgery somehow ameliorates this dysbiosis \[[@R36]\]. Measurements of the microbiota composition, however, did not reveal any overall shift away from pro-inflammatory microbes in association with dietary amelioration of diabetes \[[@R36]\].

Alternatively, microbes suppressed by gastric bypass surgery may be acting by pathogenic mechanisms other than inflammation. Gut enterocytes have insulin receptors that regulate the uptake of glucose. Gut microbes might therefore increase their access to glucose by inhibiting glucose uptake. If they did so through a diffusible compound with a compromised mucosal barrier the effect could be systemic insulin resistance.

*Staphylococcus aureus* appears to be an example of such a microbe. It can infect the gut epithelium and is associated with diabetes \[[@R21]\], and its pathology depends on access to glucose \[[@R41]\]. *S. aureus* releases a peptide (eLtaS) that binds to insulin, blocking its function, thus increasing its access to glucose and favoring insulin resistance \[[@R42]\].

*S. aureus* may also help explain the association of diabetes with excess body fat, even if the excess fat is not the critical factor maintaining diabetes. In a study assessing the relationship between neonatal microbiota and obesity seven years later, *S. aureus* was found in the fecal samples that had been taken from obese 7-year-olds when they were neonates, whereas bifidobacteria dominated the neonatal feces of children who did not become obese \[[@R43]\]. Accordingly, breast feeding is associated with a substantially reduced probability of being overweight or obese during childhood \[[@R43],[@R44]\]. This explanation suggests how a pathogen could contribute to diabetes and obesity when competitive inhibition by the gut microbiota is relaxed as a result of reductions in breast feeding.

*E. coli* can also interfere with insulin, in this case by secreting an insulin degrading enzyme, pitrilysin (protease III) \[[@R45]\]. As with *S. aureus*, competition for glucose may have selected for mechanisms that could result in reduced host cell uptake of this nutrient. In mice, feeding a western, high sugar, high fat diet reduced overall species richness and shifted the microbiome toward increased proteobacteria, including *E. coli*. It also increased susceptibility to pathogenic *E. coli* challenge in germ-free mice receiving fecal transplants from the Western diet fed mice \[[@R46]\]. Some studies have indicated that overweight and obese individuals have higher gut microbiome ratios of *E. coli* species than lean individuals \[[@R47],[@R48]\], while others have not (for overview see \[[@R49]\]).

The importance of glucose to many gut bacteria suggests that other species may have evolved methods of interfering with insulin. If so, type 2 diabetes could be caused by a variety of pathogens. In the metagenome-wide association study mentioned above, *E. coli* was associated with diabetes, but *S. aureus* was not \[[@R40]\]. It would be useful to look at the other diabetes-associated gut bacteria identified by Qin *et al*. \[[@R40]\] to assess whether any of them similarly interfere with insulin.

Autism {#s3d}
------

Like obesity and diabetes, autism is linked to alterations in the microbiome \[[@R50]\]. An association between duration of breast feeding and likelihood of autism development was found in a multicenter study in Spain \[[@R51]\] and in a Danish Registry study \[[@R52]\] but not in a large US registry study \[[@R53]\]. A study evaluating over 6,000 teenagers with autism spectrum disorder (ASD) and 24,000 controls indicated a greater risk of developing type 2 diabetes in the individuals with ASD \[[@R54]\]. While it is early times in the investigation of the relationship between the microbiome and autism, probiotics have been shown to ameliorate autism symptoms \[[@R55]\]. Because children with autism often refuse varied diets the use of probiotic/prebiotic combinations, if proven effective, may be a particularly important intervention \[[@R50]\].

Allergies {#s3e}
---------

Childhood food allergies were rare during and prior to the 1990s and are an increasing, and at times life threatening, problem according to newly gathered data \[[@R56]\]. Introduction of *B. infantis* ameliorated allergy in a mouse model \[[@R57]\]. Has the nearly worldwide shift to vast numbers of children being formula fed, a trend that is slowly being reversed in some countries, led to a reduction in the population level prevalence of important gut bacteria for the newborn? Several studies have associated breast feeding with a reduction in allergies, while others have failed to confirm this association \[[@R58]\]. One possible explanation for the discrepancies is that protective microbes are less prevalent in some individuals and populations.

Evolutionary Implications for Public Health {#s4}
===========================================

Public Health {#s4a}
-------------

The microbial community in the gut is composed of hundreds of different species \[[@R2]\] interacting with each other and with the host; thus, co-evolution and arms races dynamically shape the gut landscape. Many of the problems perceived as epidemic---obesity, type 2 diabetes, autism, childhood allergies---are linked to the microbiome. The evolutionary mismatch of a diet low in fiber and high in sugar and fat and the radical increase in formula feeding have led to near global disturbance of the human gut microbiome with shifts in species diversity and proportions. The spreading embrace of the Western diet \[[@R59]\] and the influence of companies such as Nestlé on formula feeding \[[@R60]\] help explain the long reach of microbiome disturbance and sequelae.

Breastfeeding {#s4b}
-------------

Global public health efforts are underway to revive breast feeding but likely much more will need to be done to counteract the marketing driven shift to formula feeding \[[@R61]\]. Low socioeconomic status is associated with lower rates of breastfeeding and increased rates of childhood obesity \[[@R62]\]. Given that there may be a link between breastfeeding, reduced rates of obesity \[[@R63]\], and other major health concerns, increased interventions and social policies that support initiation and maintenance of breastfeeding, particularly for low resource populations of women, are needed.

If *B*. *infantis* is largely vertically transmitted from mother to baby, its prevalence in infants can be expected to depend on its presence not only in the infant's mother but also the mother's mother. *B. infantis* may therefore have become extinct in family lineages in which a mother fed her infant solely using formula, and diminished in a population during a period when a high proportion of mothers used only formula. Supplementation of breast feeding could help remedy this problem for babies who are not colonized with *B. infantis*. Supplementing formula with *B. infantis* alone would not remedy the problem because the added *B. infantis* would be without the oligosaccharides on which they depend. The increased use of formula globally over the past century, has therefore undoubtedly led to a decline in *B. infantis* and any other microbial mutualists maintained by HMOs. These considerations represent a small scale application of the concern over microbiota extinctions due to diet \[[@R64]\].

Western Diet {#s4c}
------------

The expanding adoption of the Western diet and the associated loss of diets composed of vegetables, grains, and legumes has created a global health crisis and much of this is likely mediated via the microbiome. The western low fiber, high sugar/fat diet influences gut microbial species composition, reduces diversity, and contributes to obesity and diabetes \[[@R6],[@R65]\]. While even short-term dietary changes have been shown to alter the microbiome, possibly representing evolved flexibility for unpredictable food availability \[[@R66]\], the monotonous intake of the Western diet may ultimately lead to loss of HIMAC dependent microbial species within human populations \[[@R64]\]. Five days on a plant-based diet can shift the microbiome \[[@R66]\] and, for obese individuals, a dietary intervention enriched in complex carbohydrates and fiber can decrease diabetes markers \[[@R65]\]. The global epidemic of diabetes is following the spread of the Western diet \[[@R67]\]. Previously, the risk of diabetes in high income countries was greater among individuals of low socio-economic status (SES) while the reverse was true in low/middle income countries. Now obesity is becoming more common among low SES populations worldwide \[[@R67]\]. A diet rich in HIMACs is also more expensive than the processed Western diet, contributing to income related microbiome associated health disparities \[[@R68]\]. Governments serious about addressing obesity might consider subsidizing high-quality vegetables and fruits. The near-addictive qualities of high sugar/fat foods and the ease of preparation and long shelf life of many processed foods will also contribute to the complexity of designing interventions. Mexico, in response to rapidly increasing rates of obesity, has worked to improve school foods, and the World Health Organization is calling for regulations in the marketing of unhealthy foods; some countries have undertaken efforts to regulate marketing directly \[[@R59]\]. Many more small- and large-scale efforts to stem the health consequences of consuming the Western diet are no doubt underway and are certainly needed.

Probiotics {#s4d}
----------

Starting with (and limiting to) the pool of microbes that have co-evolved as mutualists with their hosts seems a critical first step in selecting bacterial strains for probiotics. The use of the term commensal may inadvertently free companies in the business of selecting bacterial strains for probiotics to use almost anything that resides in or out of the host that has not been determined to be a full-time pathogen. Currently there are products that contain organisms that are not known to have lived in the human gut, for example, *Bacillus licheniformis*, a soil microbe attracting industrial interest for degrading bird feathers to produce animal feed \[[@R69]\]. Evolutionary logic would caution against the use of genetically modified probiotic strains because host-organism interactions have neither been tested over time nor shaped into mutualisms by natural selection. These considerations apply as well to interactions between introduced organisms and existing gut mutualists.

Furthermore, when selecting strains for probiotics it is important to consider the host ability to constrain the bacteria (the distinction between marginal and strong mutualisms applies here), the individual's immune status, and the bacteria's ability to accept virulence/antibiotic resistance genes from other microbes co-habiting the gut (see for example *Enterococcus* sps. \[[@R70]-[@R72]\]). The potential for the evolution of microbial virulence must be considered when selecting strains. Concentrated animal feeding operations (CAFOs) and hospitals are known for conditions that favor the acquisition of microbial virulence and antibiotic resistance, and resulting strains are not isolated from community populations \[[@R17]\].

Even a strong mutualist such as *B. infantis* can cause problems in the wrong time and place. The power of natural selection to shape the interaction between host and microbe may be lost in extreme novel conditions as exemplified by the current day survival of very premature infants. Necrotizing enterocolitis (NEC) represents a significant risk to prematurely born infants and use of probiotics containing *B. infantis* reduced NEC incidence \[[@R73]\]. In an NEC prevention study using the same brand of probiotic product as in the Lin intervention, no reduction in NEC was found, but it was determined that the composition of the probiotic had been changed from *B. infantis* to *B. bifidum.* Efforts to reach consensus on probiotic safety for use in premature infant populations are complicated by the findings that probiotics may be used to prevent or treat problems such as NEC or hospital acquired diarrhea but cause bacteremia in some of the exposed infants. This negative outcome has been documented for *B. infantis* \[[@R74],[@R75]\]. Being aware that there are risks as well as substantial benefits to using probiotics may improve vigilance, allowing for rapid diagnosis and treatment for infection caused by probiotic strains.

Prebiotics {#s4e}
----------

Favoring and disfavoring gut microbes through diet to improve health (consuming foods rich in appropriate prebiotics) may be effective if sufficient species diversity exists within the individual. Prebiotics as supplements may need to be constrained to the amount of food we would eat normally/evolutionarily rather than super concentrated into products. Large amounts of a given prebiotic such as inulin, a plant polysaccharide, might over favor certain bacterial populations and diminish mutualist richness. A study evaluating growth and toxin production of *C. difficile* by itself and in competition with bifidobacterial species showed increased toxin production when grown on inulin \[[@R25]\]. Early results from a study using 6 weeks of inulin supplementation for pre-diabetics while controlling all other aspects of diet showed no change in a metabolite associated with type 2 diabetes \[[@R76]\]. The study's controlled diet, while calorie appropriate, resembles aspects of the Western diet including simple carbohydrates, fat, and low-fiber foods. Probiotics were excluded which would require that participants have appropriate inulin using bacteria in their microbiota. Further results from such studies will be necessary to see if efforts to enhance the Western diet with one or more prebiotics will be too limited to reverse or prevent microbiome associated disease. Inulin as well as other prebiotic supplements may be useful, but the gut microbiota encompasses a large number of interacting and competing species, and we evolved eating whole foods rather than discrete components; thus, it is hard to anticipate effects of interventions that introduce only prebiotics.

Public health efforts to counter negative effects of the Western diet, support breastfeeding, and assure access to high-fiber, low-sugar, and low-fat foods may have an outsized effect on seemingly unrelated widespread diseases such as diabetes, autism, and childhood allergies. The broad sweep of these effects suggests that health promotion by the microbiome may involve broad-based benefits such as the enhancement of immunological function and/or the protection by microbial mutualists against pathogens that would otherwise cause damage specifically to gut tissues as well as systemically. The evidence relative to diabetes may illustrate this breadth because the Western diet appears to shift the microbiome towards species that directly antagonize insulin in a pathological process that is preventable and treatable.

The authors thank Matthew Orr and an anonymous reviewer for helpful comments on the manuscript.

HIMACs

:   human-inaccessible microbiota-accessible carbohydrates
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:   microbiota-accessible carbohydrates

SCFAs

:   short chain fatty acids

HMOs

:   human milk oligosaccharides

ASD

:   autism spectrum disorder

SES

:   socio-economic status

NEC

:   necrotizing enterocolitis

![Waterborne, vectorborne, and durable respiratory pathogens, and parasites with mobile stages of development can be transmitted from very sick hosts and therefore have probably been molded by natural selection to cause severe disease \[[@R17],[@R77]\] The most severe parasites are those with mobile life history stages (often referred to as parasitoids), which can exploit their hosts to death during their parasitic stage and still reach new hosts through their mobile stage. Microbes evolve to mutualists when they can provide fitness benefits to their hosts, particularly when they are vertically transmitted and when their hosts provide them with nutrients that are different from their own cellular components (*e.g*., dietary plant fiber or milk oligosaccharides that their own cells do not normally produce).](yjbm_91_4_445_g01){#F1}
